The Quasi-zenith Satellite System is a satellite navigation system in Japan which is designed to complement and augment global-positioning satellites (GPS). This paper investigated the impact of the integration of GPS and development of the QZSS system in the East Asian Region. QZSS satellite constellation and signal structure are briefly introduced, four QZSS satellite orbit options (8-shaped, Egg-shaped 1, Asymmetric 8-shaped, Egg-shaped 2) are introduced in this research. Performance analyses in the East Asian region when GPS with and without QZSS augmentation were obtained by triple-frequency simulator. The availability and accuracy of satellite positioning was assessed using a measurement of the number of visible satellites, position dilution of precision, respectively. The efficiency and reliability of GPS was evaluated using the GPS L1 carrier phase ambiguity resolution success rate. The simulator results showed that, with extra satellites and extra signals, QZSS not only improves the availability and accuracy, but also offers more efficient and reliable GPS in Japan and most East Asian regions.
Introduction
The Quasi-zenith Satellite System (QZSS) project started in 2002. The basic design and manufacturing of the engineering models of the on-board equipment started in 2004. 1) Two new stages of the QZSS project were introduced in March 2006. In the project, the first satellite is scheduled to be launched in 2009 as the first stage. After evaluating the impact of integrating GPS and QZSS, a three-satellite system will be developed as the second stage.
In the QZSS, at least one satellite stays around the zenith for about 8 h and is visible with high elevation. The number of visible satellites (NVS) and dilution of precision (DOP) could be improved not only in Japan, but also throughout most of the East Asian region, therefore satellite availability and environment for satellite positioning are expected to be greatly improved. Moreover, like GPS IIF/III, QZSS will also provide a third frequency that can substantially aid in the process of carrier phase ambiguity resolution.
In this paper, firstly, four optional QZSS orbit parameters are reviewed and a signal structure is introduced. Secondly, a model parameter and flow chart of a GPS triple-frequency simulator are introduced. Thirdly, numerical measurements simulated using the GPS triple-frequency simulator, and NVS and position dilution of precision (PDOP) in the East Asian region were measured. Moreover, five cities were chosen to estimate code Differential GPS (DGPS) positioning and Double Differential (DD) Ambiguity Success Rate (ASR) in short distance. Finally, from simulator results, the impact of integration of GPS and QZSS was concluded, and the different performances among the four QZSS orbit options were considered.
QZSS Overview
In this section, QZSS satellite constellation and signal structure are reviewed. Four QZSS orbit options were considered in this research.
QZSS satellite constellation
The QZSS will consist of a constellation of three identical highly-elliptic orbit satellites orbiting in three different planes placed 120 apart with a inclination angle of 45 and a geosynchronous period (orbital altitude = 35,786 km). The QZSS constellation will guarantee the presence of at least one satellite, periodically replaced every 8 h, approximately over the zenith of Japan.
2)
Five types of constellations, which are considered for QZSS, were registered with the International Telecommunications Union in November 2002.
3) Table 1 summarizes the parameters of the four most favored satellite orbit options for the QZSS considered in this research.
In Table 1 , ''Right ascension'' means right ascension of the ascending node. Because three operating QZSS satellites are considered, regular right ascensions were simulated as 0. 5 for QZSS1, 120.5 for QZSS2 and 240.5 for QZSS3, and four mean motions were simulated as 120.0 for QZSS1, 0.0 for QZSS2 and 240 for QZSS3. Figure 1 illustrates the ground tracks of each QZSS constellation options. 4, 5) 2.2. Signal structure QZSS was planned to be compatible and interoperable with the civil specifications of modernized GPS except for Ó 2007 The Japan Society for Aeronautical and Space Sciences its orbit and some experiments, and will compliment and augment the GPS. Therefore, QZSS will broadcast L1, L2 and L5 signals. 1) QZSS L2 and L5 signals will have the same structure and characteristics as the GPS L2C and L5 signals. The L1 signal structure is still under investigation since there are many possibilities. An additional experimental signal LEX with a global beam is also planned. 1) Table 2 gives an overview of the future available GPS and QZSS signals with corresponding frequencies and wavelengths, 6) which are used in this research.
GPS Triple-Frequency Simulator
The triple-frequency simulator was created to perform numerical estimations of the GPS constellation and measurement. 7) Figure 2 shows the flow chart of the GPS triple-frequency simulator, and Table 3 summarizes the model error parameters used in the triple-frequency simulations. 8) In Table 3 , the RMS ranging error caused by ephemeris was set to about 2.1 m for a forecast period of up to 24 h. 9) Code noise and carrier noise were estimated by delay locked-loop (DLL) and phase locked-loop (PLL), 8) and the noise simulation parameters in this research are given in Table 4 . In Table 4 , C means chip width of the pseudo random noise (PRN) code. In this simulator, using the chip width for the C/A code for the L1 and L2 signals and using the chip width of the P code for the L5 signal, 
gives wavelength L for the L1, L2 and L5 signals.
Validation of the simulator was done using observational data from the Japan Geographical Survey Institute GPS continuousness observation system (GEONET). 10) Further information about the theory of DLL and PLL can be found in reports by Parkinson, B. W., Spilker, J. J., Axelrad, P., and Enge, P., 8) Kaplan, E. D., 11) and further information about the GPS triple-frequency simulator can be found in the report by Zhang, Y., Kubo, N., and Yasuda, A.
7)

Temporal Variation Analysis
In this section, the excepted performance of GPS augmentation using QZSS was analyzed by analyzing the temporal variations of NVS and PDOP.
The parameters of estimation are shown as follows: GPS ephemeris: YUMA191 file, 
Number of visible satellites (NVS)
The NVS is an important parameter of satellite positioning because three-dimensional GPS position calculation based on horizontal coordinates and elevation requires a minimum of four visible satellites.
The minimum and average NVS in 24 h at each mesh grid were calculated when the mask angle was set to 15 , 25 and 30
, respectively. Table 5 shows the percentages of minimum NVS in 24 h when the minimum NVS was 4, 5, 6 and 7, respectively, in the East Asian region, and Table 6 shows the number for the near Japan region. Figure 3 shows the average NVS in the East Asian region. Tables 5 and 6 and Fig. 3 show that in each QZSS orbit option, all NVSs could be improved when the mask angle was 15
, 25 and 30 , respectively, not only in the Japan region, but also in the East Asian region. Especially, when the mask angle was 15
, by integrating QZSS, the minimum NVS could be at least 5 for more than 95% of the East Asian region. The results show that with extra satellites through using QZSS, the availability of satellites could be improved. From Table 5 , among the four QZSS options, Option 2 revealed the best improvement of NVS in the East Asian region, and from Table 6 , Option 3 gave the best performance for the near Japan area.
Position dilution of position (PDOP)
DOP is a function expressing the mathematical quality of solutions based on the geometry of the satellites. PDOP, the most common such value, has a best case value of one. Higher numbers of PDOP are worse. In this section, the average PDOP for 24 h at each mesh grid in the East Asian region was measured when the mask angle of the visible satellite was 15
. Average PDOP in different longitude regions was also estimated using Eq. (1) 
where, M is longitude grid index and N is latitude grid index. Table 7 shows the average PDOP for 24 h in different longitude regions. Figure 4 shows average PDOP 24 h at each mesh grid with and without QZSS when the mask angle is 15
. From Fig. 4 and Table 6 , usable grid mesh amount was improved to 6,330 in each region except for the case of Region 1 by integrating Option 1. Moreover, PDOP could be improved about 2.3-4.5% in region 1, 13.7-15.3% in region 2, 16.9-18.7% in region 3, 20.1-24.2% in region 4, 19.9-25.8% in region 5, and 21.7-27.6% in region 6. With QZSS, PDOP could be improved significantly when longitude of location is close to Japan center longitude. Table 8 shows the average PDOP in the East Asian and near the Japan areas. From Table 8 , among the four QZSS options, augmentation using QZSS Option 2 obtained the best performance of DOP in the East Asian region, and using Option 3 was the best for the near Japan area.
Impact from Extra Satellites and Signal
Since the L5 signal is not available from GPS now, L1, L2 and L5 signal data from the triple-frequency simula-
Average satellite number when mask angle is 15 degrees
Average satellite number when mask angle is 25 degrees
Option 1 + GPS Option 2 + GPS Option 3 + GPS Option 4 + GPS GPS Only
Average satellite number when mask angle is 30 degrees tor were used in dual-and triple-frequency positioning measurements. L1 code DGPS positioning at short distances was measured, and the DD ASR of L1 signal at short distance was also estimated with and without QZSS. Five cities, Sapporo, Naha, Shanghai, Kashi and Jakarta, were investigated in East Asia. Figure 5 illustrates the locations of the five areas in East Asia. Table 9 shows the locations of base and rover stations in DGPS positioning estimation and AR. Distance between the base and rover stations is about 5.56 km.
In this research, multipath effect was only simulated as deflecting from the ground. Cycle slip was not considered because carrier smoothing would not be used in code DGPS positioning estimation and single epoch AR and ASR estimation.
The parameters for numerical estimation are shown as follows:
L1, L2 and L5 signals were generated from a GPS triple-frequency simulator at 1 Hz, Estimation time: 00:00 UTC-24:00 UTC, April 21, 2003, Mask angle: 15 (both base and rover stations), Short baseline: about 5.56 km, Height of all stations is assumed as 100 m, Antenna carrier offset was simulated as NOVATEL antenna GPS702, c/n0 was calculated using an OEM3 receiver, No carrier smoothing for DGPS positioning, Wide lane (WL) on-the-fly (OTF) algorithm 13) was used for dual-frequency AR, and the extra-wide-lane (EWL) method was used for triple-frequency AR,
In AR, with a sampling interval of 2 min, the total estimation epoch number is 720. After each interval of 2 min, only one epoch of data was taken, processed and analyzed. The ASR is given by Eq. (2).
ASR ¼
Success Epoch Numbers Epochs (Common NSV > 4) ð2Þ Table 10 gives the average PDOP for 24 h when NVS > 3 at five base stations. The results show that the PDOP could be improved at each base station.
DGPS positioning
In this section, L1 code DGPS positioning was investigated. Table 11 gives the minimum common NVS in one day. Table 12 shows the horizontal standard deviation of the L1 code DGPS positioning results. From Table 11 and  Table 12 , by integrating QZSS with GPS, common NVS be- in Shanghai, 7.87-11.24% in Kashi, and 6.86-12.75% in Jakarta.
The code DGPS positioning results show that the accuracy of positioning could be improved with augmentation of QZSS, and with extra QZSS satellites the satellite geometry could be even better.
ASR in L1 signal for short distance
For carrier phase-based positioning, AR is the mathematical process of converting ambiguity ranges (carrier phase measurements) to unambiguous range data. Triple- frequency measurements provided the opportunity to resolve the integer ambiguities for the wide-lane combination between L2 and L5 signals using pseudo-range measurements directly.
The wide-lane OTF method was used in this research. The flow chart of the OTF algorithm for dual-frequency AR is shown in Fig. 6 , and the flow chart for triple-frequency AR is shown in Fig. 7 . In Fig. 6 , L1-L2 signals are used in WL AR. In Fig. 7 , L2-L5 signals are used in EWL AR and L1-L5 signals are used in WL AR. Table 13 gives the ASR of the L1 signal in 24 h. Table 13 shows that integrating QZSS with GPS, the common NVS in each estimated epoch was more than five, and ASR in 24 h could be improved to more than 99.0%. Therefore, the time of AR could be reduced. From ASR results, the efficiency and reliability for highly precise positioning could be improved by integrating QZSS.
Conclusion
In this research, the performance of GPS augmentation using QZSS was investigated. The QZSS satellite orbit and signal structure have been reviewed. Two parameters for performance analysis, NVS and PDOP, are given. L1 code DGPS positioning and L1 signal ASR in 24 h were also estimated using triple-frequency simulator. Four options of QZSS satellite orbits have been investigated. It has been shown that QZSS not only improves the availability and geometry of satellites, but also enhances the reliability and efficiency of GPS positioning in the near Japan area, and also in most of the East Asian region.
From analysis of NVS and PDOP in the East Asian and Japan regions, among four optional QZSS, Option 3 is the best option for the local Japan region, and Option 2 is the best option for the East Asian region. 
